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Repeated batch operationPyroprocessing is a complicated batch-type operation, involving a highly complex material flow logic
with a huge number of unit processes. Discrete event system modeling was used to create an integrated
operation model for which simulation showed that dynamic material flow could be accomplished to
provide considerable insight into the process operation. In the model simulation, the amount of material
transported upstream and downstream in the process satisfies a mass balance equation while consider-
ing the hold-up incurred by every batch operation. This study also simulated, in detail, an oxide reduction
group process embracing electrolytic reduction, cathode processing, and salt purification. Based on the
default operation scenario, it showed that complex material flows could be precisely simulated in terms
of the mass balance. Specifically, the amount of high-heat elements remaining in the molten salt bath is
analyzed to evaluate the operation scenario.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The material balance for pyroprocessing was first studied using
a flowsheet (Piet et al., 2011). However, this was nothing more
than a record of the amount of material transported through the
incoming and outgoing streams during a specific period, in other
words, the integral material balance. Thus, dynamic changes
according to the batch operation cannot be predicted in an integral
material flow. This study set out to build a dynamic material bal-
ance model based on the previously developed pyroprocessing
flowsheet (Lee et al., 2013a). As a mid- to long-term goal, an inte-
grated pyroprocessing simulator (Lee et al., 2013b) is being devel-
oped at the Korea Atomic Energy Research Institute (KAERI) for
application to a review of the evaluation of the technical feasibility,
safeguards, conceptual design, and economic feasibility. The most
fundamental aspect of the development of such a simulator is
the establishment of a dynamic material flow framework. This
study focused on the operation modeling of pyroprocessing to
implement a dynamic material flow. As a case study, oxide
reduction was investigated.Some interesting studies similar to this have been published
recently. Researchers in the US set out to develop a spent nuclear
fuel (SNF) reprocessing plant level toolkit named RPTk (reprocess-
ing plant toolkit) (McCaskey et al., 2011). Japan developed an anal-
ysis code (Okamura and Sato, 2002) for estimating a material
balance for the system design of pyrochemical reprocessing plants
for performing batch processes. As a preliminary study, Korea also
developed a DES-based model to implement a simplified dynamic
material flow for pyroprocessing (Lee et al., 2011).2. Oxide reduction
2.1. Pyroprocessing
The pyrometallurgical processing (pyroprocessing) of spent
nuclear fuel (SNF) is now regarded as being one of the most
promising options for future nuclear cycles in Korea (Kim, 2006).
The Korea Atomic Energy Research Institute (KAERI) has been
developing pyroprocessing technologies, which can reduce the
increasing amounts of spent nuclear fuel and thus dramatically
decrease the disposal load, through the recycling and destruction
of the toxic waste (such as long-life fission products) in spent
nuclear fuel (You et al., 2007). Pyroprocessing is still a developing
technology and far from being mature. Considerable effort has
been put into the investigation of the basic principles. Since the
current study focuses on the individual processes, not on the over-
all process, it is difficult to predict the overall behavior of the sys-
tem and the mutual influences of the processes. However,
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behavior.
As shown in Fig. 1, pyroprocessing includes many processes and
complex recycling flows. Since it consists almost entirely of batch-
type processes, even though some resemble continuous processes,
the use of a discrete event system for modeling is preferred if the
main concerns are not the electro-chemical reactions within a sin-
gle batch operation.
Each box in Fig. 1 indicates a grouped process. The number of
unit processes is actually much greater than that shown in this fig-
ure. The arrows represent the material flow direction. Pyroprocess-
ing produces not only recyclable products from SNF but also waste
requiring disposal. The final products of pyroprocessing are ura-
nium (U) metal ingots and transuranic (TRU) metal. The final waste
consists of filter waste, metal waste, and ceramic waste.
Pyroprocessing features complicated batch-type operations, a
complex material flow logic, and numerous SNF elements, all of
which must be tracked. Thus, the material balance must be calcu-
lated whenever events such as feed arrival and product departure
occur. Otherwise, the dynamic material flow cannot be tracked.
A basic understanding of the overall process can be attained by
the application of a flowsheet study, which captures the integral
material balance at a specific time.2.2. Oxide reduction
Although there are many unit processes involved in pyropro-
cessing, this study addressed the oxide reduction process. This pro-
cess receives oxide SNF feed material in the form of porous pellets
or fragments generated from the headend process. The oxide SNF is
converted into a metallic form in a bath of molten lithium chloride
(LiCl). During the electrolytic reduction process, the oxide pellets/
fragments are reduced to a metal, which normally contains most
of the transition elements, all of the actinides, and a certain frac-
tion of rare earth elements. The reduced metal is sent to a cathode
processing process to distill any residual salt entrained in the
reduced metal, after which the metal is transferred to the next pro-
cess, namely, electro-refining. The remaining LiCl salt in the elec-
trolytic reduction bath after several process operations contains
most of the fission products and presents a high heat load. These
fission products include cesium (Cs), strontium (Sr), and barium
(Ba), which have been separated from the reduced metal. The LiCl
salt that is separated in the cathode processing process is then sent
to a LiCl salt purification process to recycle it by separating the
concentrated LiCl residue containing Cs, Sr, and Ba from pure LiCl.
Fig. 2 illustrates the three unit process and product streams for
oxide reduction.Fig. 1. Simplified material flThe oxide reduction model deals with the 52 elements listed in
Table 1, as well as two chemical compounds, namely, lithium chlo-
ride (LiCl) and lithium oxide (Li2O). The volatile or semi-volatile
elements such as tritium (H3), carbon-14 (C14), krypton (Kr), xenon
(Xe), bromine (Br), and iodine (I) will have already been separated
in the headend process such that the oxide reduction process does
not have to deal with those elements. Alkali metal (AM) and alkali
earth (AE) elements generate significant amounts of heat and have
a half-life of approximately 30 years. Those elements are separated
by electrolytic reduction (P2-1) into the molten salt bath and are
then transferred to decay storage to allow the temperature to fall,
at which point they are classified as lower- and intermediate-level
waste. Therefore, it must be possible to track these elements in the
model. One of the critical elements affecting proliferation-
resistance is europium (Eu), given its high gamma dose rate.3. Modeling
3.1. Operation
The pyroprocessing flowsheet study represents an integral mass
balance, i.e., the total amount of material transported through the
in- and out-streams during a specific period (typically one year). It
does not provide detailed information regarding batch operations.
To implement dynamic material flow, the batch operation proce-
dure should be investigated, including the batch capacity and time.
The electrolytic reduction process (P2-1) uses a 50-kg heavy
metal (HM)/batch and a 400-kg salt/batch. The electro-chemical
reaction consumes 20 h/batch, and the pre-processing and post-
processing times change according to the number of batches. The
first batch of every campaign (one campaign is equivalent to 40
batch operations) requires 96 h for the pre-processing which is
much more than the two hours required for the other batch oper-
ations. The last batch of every campaign requires 96 h of post-
processing, which again is much more than two hours required
for the other batch operations. Fig. 3 illustrates how pre- and
post-operation times are assigned according to the batch operation
number.
The electrolytic reduction receives recovered salt distilled in
cathode processing (P2-2) of every other batch operation during
the 1st campaign (1st through 40th batch operations). P2-1 of
the first batch operation cannot receive the recovered salt from
P2-2 because P2-2 is not running at that time. Therefore, in the
3rd, 5th. . . 39th batch operations, but excluding the 1st, P2-1
receives the recovered salts. Process P2-1 does not receive any salts
from P2-2 during the 2nd campaign (41st through 80th batch oper-
ations) but instead receives an amount of fresh salt equal to theow of pyroprocessing.
Fig. 2. Material flow for oxide reduction.
Table 1
52 SNF elements considered in the model.
Group SNF elements (52 elements)
Nonmetal H, C, Se
Inert gas Kr, Xe
Actinides Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf
AM & AE Rb, Cs, Sr, Ba
Rare earth Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu
Noble metal Fe, Ni, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd
Poor metal In, Sn
Metaloid Sb, Te
Halogen Br, I
Fig. 3. Assignment of pre-and post-operation time.
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is transferred to P2-2, which carries some salt with it. Therefore,
the salt lost from P2-1 must be replenished. The addition of fresh
salt occurs for every other batch operation, as follows: 41st,
43rd. . . 79th batch operations. P2-1 for every other batch operation
of the 3rd campaign onwards also receives regenerated salts from
the LiCl purification process (W4-1), i.e., starting from the 81st
batch operation of P2-1. If the regenerated salt is not sufficient to
facilitate process P2-1, fresh salt can be added. Fig. 4 shows the
assumed salt supply rules with the change in the batch operation
number. Before every batch operation begins, the material to be
supplied and when it is to be supplied are checked as shown in
Fig. 4, and the appropriate feed process is performed. As the num-
ber of the P2-1 campaign changes, the direction of the material
flow also changes in process P2-2: the recovered salts are trans-
ferred to P2-1 during the 1st campaign but to W4-1 from the
2nd campaign onwards.
The above operation changes according to the batch operation
number. Consequently, the amount of generated work in progress
(WIP) and its direction of flow are affected by the operation proce-
dure. Such transient behavior must be well described in a model in
terms of the inventory management, nuclear material accoun-
tancy, and productivity of the integrated process.
3.2. Material balance
A dynamic material balance describes the feed amount, hold-
up, and products in any process for every batch operation. By accu-
mulating the amount of received and dispatched material for a
specific period, an exact integral material balance can be obtained.
Because the above operation procedure is difficult to implement,
however, an integral material balance tends to simplify thecomplicated operation to an averaged one, i.e., every batch opera-
tion is assumed to be the same. However, if we could build an exact
model through the application of appropriate tools or methodolo-
gies to reflect these complex operation requirements, the assumed
integral material balance obtained from a flowsheet study could be
replaced with an exact material balance in an exact model.
To enable a comparison of the integral and dynamic material
balance, it is assumed that the oxide reduction treats 10 tHM per
year, which corresponds to 200 batch operations of process P2-1.
The integral mass balance in process P2-1 is listed in Table 2.
Fig. 4. Salt supply logic according to batch operation number.
Table 2
Integral material balance in P2-1.
Material type Type SNF mass
(kg)
Salt (LiCl & Li2O) mass
(kg)
New salt Feed – 824
Pellets/
fragments
Feed 11,331 –
Recovered salt Feed 5 350
Regenerated
salt
Feed 6 1146
Sum of inputs Feed 11,341 2320
Cathode
product
Work in
process
9997 1935
O2 Work in
process
1331 –
Sum of outputs Work in
process
11,328 1935
Remaining salt Hold-up 13 385
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results over numerous batch operations, the unique operation for
each batch is ignored. Process P2-1 has a total of four inputs and
two outputs. The sums of the inputs and outputs are not the same
because process P2-1 can contain a small amount of SNF in its mol-
ten salt bath. Therefore, the sum of the inputs exactly matches the
sum of the outputs and the hold-up. An integral material balance
cannot predict any transient behavior resulting from the operation
procedure described in Section 3.1. Tables 3 and 4 list the dynamic
SNF mass and salt mass balance, respectively, obtained from the
discrete event system (DES) model of oxide reduction. Different
results are produced by every batch operation. The amounts of
inputs, outputs, and hold-ups in process P2-1 differ from one batch
operation to another.
In Table 3, every batch operation of P2-1 receives 50 kg HM/-
batch pellets/fragments from the previous process, excluding the
oxygen weight. The 3rd column of Table 3 does not represent the
oxide weight of the fragments/pellets, but the only the SNF ele-
ment weight, excluding the oxygen. The oxide weight of a frag-
ment or pellet is actually more than 50 kg. Since this oxide
cannot be perfectly reduced to metal in P2-1, some oxide remains
in the cathode product. The reduction yield ratio is one of the pro-
cess parameters that significantly influence the downstreammaterial balance. The actinide elements are assumed to be mostly
reduced to metal, with 99.5% being successfully converted to metal
and the remainder remaining in their original oxide forms (Choi
et al., 2012). However, the lanthanide (or rare earth) elements
are rarely reduced, with only 30% of those oxides being converted
to metal (Hermann et al., 2007). Generally, the overall reaction for
oxide reduction of an arbitrary metal oxide can be described as fol-
lows (Phongikarron et al., 2011):
MxOy ! xM þ y2O2 ðgÞ ð1Þ
Some elements such as Se, Rb, Cs, Sr, Ba, Eu, and Te are assumed
to be dissolved and transferred to a salt bath in either the ion or
chloride form. The 6th column of Table 3 represents the weight
of the only those SNF elements existing in the remaining salt, not
the weight of the chloride form. Since the cathode product entrains
salt up to 20% of its total weight, and given that that salt also con-
tains SNF elements, the cathode product contains three different
forms, namely, metals, oxides, and chlorides (or ions). The 7th col-
umn of Table 3 represents the weight of only the SNF elements in
the three different forms.
Since the recovered salt contains some fission products (FPs)
dissolved in the salt, a nonzero value appears in the recovered salt
column (4th column) whenever recovered salt is received in P2-1.
Similarly, the regenerated salt column (5th column) indicates that
a nonzero value occurs whenever regenerated salt is received.
Table 4 shows a salt (LiCl + Li2O) material balance. The initial
batch operation starts with a 400-kg LiCl/batch and a 4-kg Li2O/
batch that amounts to 1 wt% of LiCl. Because each batch operation
loses salt amounting to 20 wt% of the total cathode product to P2-
2, which amounts to approximately 10 kg of salt, the hold-up salt
value in Table 4 decreases as long as a batch operation does not
receive any salt input. Because it is assumed that 99% of the
entrained salt in P2-2 is recovered, the hold-up salt gradually
decreases during the 1st campaign, such that there is 362 kg
remaining at the 40th batch operation. Therefore, the 1st batch
operation of the 2nd campaign begins with the replenishment by
adding 42 kg of fresh salt. Since the 3rd campaign, no more fresh
LiCl is needed but a little fresh Li2O is required because Li2O cannot
be regenerated in W2-1. For this reason, 0.17 kg of Li2O is added
whenever regenerated LiCl is received.
Table 3
SNF material balance in P2-1.
Campaign Batch # Inputs Hold-up Outputs
Fragments/pellets
(kgHM)
Recovered salt
(kgHM)
Regenerated salt
(kgHM)
Remaining salt
(kgHM)
Cathode product
(kgHM)
O2
(kgO2)
1 1 50.00 – – 0.28 49.72 6.67
1 2 50.00 – – 0.54 49.73 6.67
1 3 50.00 0.02 – 0.83 49.74 6.59
1 4 50.00 – – 1.08 49.75 6.67
1 5 50.00 – – 1.33 49.75 6.59
1 6 50.00 – – 1.57 49.76 6.67
1 7 50.00 0.05 – 1.85 49.77 6.59
1 8 50.00 – – 2.08 49.77 6.67
1 9 50.00 0.08 – 2.38 49.78 6.59
1 . . . . . . . . . . . . . . . . . . . . .
1 40 50.00 – – 10.22 49.99 6.67
2 41 50.00 – – 10.25 49.97 6.59
2 42 50.00 – – 10.27 49.98 6.67
2 43 50.00 – – 10.30 49.97 6.59
2 44 50.00 – – 10.32 49.98 6.67
2 45 50.00 – – 10.35 49.97 6.59
2 46 50.00 – – 10.37 49.98 6.67
2 47 50.00 – – 10.40 49.97 6.59
2 . . . . . . . . . . . . . . . . . . . . .
2 80 56.67 – – 10.95 49.99 6.67
3 81 50.00 – 0.08 11.03 49.99 6.59
3 82 50.00 – – 11.04 50.00 6.67
3 83 50.00 – 0.08 11.13 49.99 6.59
3 84 50.00 – – 11.13 50.00 6.67
3 85 50.00 – 0.08 11.21 49.99 6.59
3 86 50.00 – – 11.22 50.00 6.67
3 87 50.00 – 0.08 11.30 49.99 6.67
3 . . . . . . . . . . . . . . . . . . . . .
3 120 50.00 – – 12.22 50.02 6.67
. . . . . . . . . . . . . . . . . . . . . . . .
5 161 50.00 – 0.10 12.96 50.03 6.67
5 . . . . . . . . . . . . . . . . . . . . .
5 194 50.00 – – 13.30 50.05 6.67
5 195 50.00 – 0.11 13.37 50.04 6.67
5 196 50.00 – – 13.32 50.05 6.67
5 197 50.00 – 0.12 13.39 50.04 6.67
5 198 50.00 – – 13.34 50.05 6.67
5 199 50.00 – 0.12 13.41 50.04 6.67
5 200 50.00 – – 13.36 50.05 6.67
Total 11,331.06 4.55 5.66 13.36 9,996.85 1,331.06
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ance equation for each batch operation.
Xm
i¼1
Ii;k ¼
Xn
i¼1
Oi;k þ ðHk  Hk1Þ for k ¼ 1; . . . ; r ð2Þ
where m is the number of inputs; n is the number of outputs; k is
the current number of the batch operation; Ii;k is the k-th input
amount of mass transported through the i-th upstream, Oi;k is the
k-th output amount of mass transported through the i-th down-
stream; Hk is the hold-up for the k-th batch.
Eq. (2) implies that the sum of the inputs must be equal to the
sum of the outputs plus the change in the hold-up. Eq. (2) is valid
for any k-th batch operation listed in Table 3. For example, in the
2nd batch, the sum of the inputs is 50 kgHM and the sum of the
outputs is 49.72 kgHM. The hold-up change is 0.26 kgHM
(=0.54 kgHM  0.28 kgHM). Consequently, an SNF mass balance
is established. (50 kgHM = 49.72 kgHM + 0.26 kgHM) In the same
manner, a salt mass balance is also established in the 2nd batch
operation because an input of 0 kg of salt is equal to the output
of 9.93 kg of salt plus the hold-up change of 9.93 kg of salt
(=384.13–394.06 kg of salt). This dynamic mass balance is true
for every batch operation.When the integral mass balance equation is considered instead
of the dynamic mass balance equation, Eq. (2) can be modified to
Xm
i¼1
accIi;r ¼
Xn
i¼1
accOi;r þ Hr ð3Þ
where accIi;r is the r-th accumulated input amount of mass trans-
ported through the i-th upstream up to that point in time; accOi;r
is the r-th accumulated output amount of mass transported through
the i-th downstream up to that point in time.
If Eq. (2) is valid for every batch operation, Eq. (3) is satisfied.
Since the total summary in Tables 3 and 4 actually means the
integral mass balance for 200 batch operations, the total shows
that Eq. (3) is satisfied when r is 200.3.3. Operation model
3.3.1. DES modeling
The material flow of the oxide reduction shown in Fig. 2 was
modeled as shown in Fig. 5 by using the ExtendSim multi-
purpose system modeling software. Process P2-1 has four input
connectors for receiving pellets/fragments, fresh salt (LiCl and
Li2O), recovered salt, and regenerated salt, and it also has two
Table 4
Salt material balance in P2-1.
Campaign Batch # Inputs Hold-up Outputs
Fresh salt (kg-salt) Recovered salt (kg-salt) Regenerated salt (kg-salt) Remaining salt (kg-salt) Cathode product (kg-salt) O2 (kg-salt)
1 1 404.00 – – 394.06 9.94 –
1 2 – – – 384.13 9.93 –
1 3 – 19.67 – 393.88 9.92 –
1 4 – – – 383.96 9.92 –
1 5 – – – 374.06 9.91 –
1 6 – – – 364.15 9.90 –
1 7 – 19.64 – 373.90 9.89 –
1 8 – – – 364.01 9.89 –
1 9 – 19.61 – 373.74 9.88 –
1 . . . . . . . . . . . . . . . . . . . . .
1 40 – – – 361.74 9.67 –
2 41 42.26 – – 394.31 9.69 –
2 42 – – – 384.62 9.68 –
2 43 19.38 – – 394.31 9.69 –
2 44 – – – 384.63 9.68 –
2 45 19.37 – – 394.31 9.69 –
2 46 – – – 384.63 9.68 –
2 47 19.37 – – 394.31 9.69 –
2 . . . . . . . . . . . . . . . . . . . . .
2 80 – – – 384.66 9.67 –
3 81 0.17 – 19.17 394.33 9.67 –
3 82 – – – 384.66 9.67 –
3 83 0.17 – 19.17 394.33 9.67 –
3 84 – – – 384.67 9.66 –
3 85 0.17 – 19.16 394.33 9.67 –
3 86 – – – 384.67 9.66 –
3 87 0.17 – 19.16 394.33 9.67 –
3 . . . . . . . . . . . . . . . . . . . . .
3 120 – – – 384.72 9.64 –
. . . . . . . . . . . . . . . . . . . . . . . .
5 161 0.17 – 19.08 394.37 9.63 –
5 . . . . . . . . . . . . . . . . . . . . .
5 194 – – – 384.77 9.61 –
5 195 0.17 – 19.06 394.38 9.62 –
5 196 – – – 384.77 9.61 –
5 197 0.17 – 19.06 394.38 9.62 –
5 198 – – – 384.77 9.61 –
5 199 0.17 – 19.06 394.38 9.62 –
5 200 – – – 384.77 9.61 –
Total 824.24 349.83 1,146.07 384.77 1,935.37 –
Fig. 5. Operation model of oxide reduction.
6 H.J. Lee et al. / Annals of Nuclear Energy 88 (2016) 1–11output connectors to transfer the cathode product and O2 to the
next processes, such as P2-2 and W3-1, as shown in Fig. 5.
Each box in Fig. 5 is a hierarchical block, which contains many
blocks and complicated flows to implement functions pertinent
to the process: feed material reception, hold-up calculation, pro-
duct material calculation, and so on. If any box is double-clicked
in the model, detailed models pop up as shown in Figs. 6 and 7.
Fig. 6 shows the first part of P2-1, in which the feed materials
are received. The flow in the DES model is controlled by transport
blocks, equation blocks, and batch blocks, as shown in Fig. 7. The
oxide reduction model begins with transport blocks that describe
the reception of the four types of feed material (fragments/pellets,
recovered salts, regenerated salts, and fresh salts). A fragment/
pellet feed is needed for every batch operation. However, the
recovered salts, as well as the regenerated and fresh salts, can be
received according to the batch operation procedure. The compli-
cated operation logic described in Section 3.1 is perfectly imple-
mented in Figs. 6 and 7, using equation and batch blocks.
The material fed in process P2-1 gives rise to the salt remaining
in the molten salt bath, which acts as the hold-up, cathode product,
and offgas. The total amounts and elemental compositions of the
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shown in Fig. 8. Fig. 9 shows some important blocks that (a) calcu-
late the hold-up composition immediately after the addition of salt
and the feeding of SNF oxides to the reactor, (b) delay the material
flow by an amount equal to the process time, and (c) calculate the
amount and composition of a product.
All of the calculated results are written to the internal database
tables of ExtendSim by the equation blocks shown in Fig. 9
(a) and (c), so that a further detailed analysis can be performed
even after simulation through the investigation of the data
recorded during the simulation. The other hierarchical blocksshown in Fig. 5 also consist of many blocks and connection lines
in order to implement the complex material flow and calculate
the item’s composition changes according to the flow.
4. Simulation
4.1. Default operation scenario
The basic input parameters responsible for the dynamic mate-
rial balance of Tables 3 and 4 are as follows: The capacities of pro-
cesses P2-1, P2-2, andW4-1 are 50 kg HM/batch, 100 kg HM/batch,
y =f (x)
AddedLiCl
AddedLi2O
ReqLiCl
ReqLi2O
0
D F
preprocess
0
D F
process
0
D F
postprocess
y =f (x)
O2
y =f (x)
Cathode product
Fig. 9. Blocks for calculation of hold-up and product compositions, and process operation delay.
Fig. 10. Dynamic material balance for total of 52 SNF elements for each batch
operation in process P2-1.
Fig. 11. Integral material balance for 52 SNF elements for cumulative operation of
process P2-1.
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complete the processes are 20 days/batch, 44 h/batch, and
165 h/batch, respectively. After the completion of one campaign
but before the start of the next, some additional time is required
for the post- and pre-process operations. One piece of equipment
is deployed for each process. Chemically, salt equal to 20% of the
weight of the cathode product is carried to the next process, that
is, P2-2. The actinide oxide and noble metal oxide exhibit a 99.5%
reduction yield ratio, but the rare earth oxide only exhibits a 30%
reduction yield ratio. Process P2-2 recovers 99.9% of the salt by dis-
tillation such that only 0.1% of the salt is passed to the next pro-
cess. Process W5-1 can regenerate 90% of the LiCl salt fed from
process P2-2 (Cho et al., 2006). On the other hand, W5-1 separates
the alkali metal, alkali earth metal, and Li2O from the salt and only
10% of those elements are transferred to P2-1 along with the regen-
erated salt (Cho et al., 2009; Amamoto et al., 2009).
This is the default scenario for running a simulation. To reflect
the results of experiments performed in the future or to analyze
various alternative operations, these parameters can be changed.4.2. Experimental results
A simulation was performed based on the above default sce-
nario for the 200 batch operations of process P2-1. The 200 batch
operations end within 250 days. Figs. 10 and 11, and Figs. 12 and
13 show the material balance for process P2-1 for the SNF ele-
ments, and salts (LiCl + Li2O), respectively. Figs. 10 and 12 show
the material balance, meaning the amount of material that is
received from the input and sent to the output, and which is addedto the molten salt bath in every batch operation. On the other hand,
Figs. 11 and 13 show the integral material balance obtained by
accumulating the amount of material flowing through the in-
and out-stream, as well as the amount of hold-up material remain-
ing in the molten salt bath. Therefore, the amounts remaining at
the end of the batch operation (200th batch operation), as shown
in Figs. 11 and 13, are equal to the integral mass balance for sum-
ming every mass transferred through the in- and out-stream, and
the current amount for the hold-up resulting from the addition
being summed for hold-up.
In Fig. 10, the fragments/pellets include the oxide weight in
addition to the 50 kgHM of SNF elements, making it actually heav-
ier than 50 kgHM. Therefore, after the process, the cathode product
loses as much weight as that of the oxygen generated during the
reduction. The bottom part of Fig. 10 shows a magnification of
the investigation of the small amounts of FPs and so on contained
in the hold-up, recovered salt, and regenerated salt. In the bottom
part of Fig. 11, the concentrations of the FPs increase in the hold-up
because the recycled salts containing small amounts of FPs are
constantly being used, except in the 2nd campaign. Since the 1st
campaign uses distilled salt directly without purification by the
default operation scenario, the concentration of FPs increases stee-
ply, but since the 3rd campaign uses regenerated salt containing
very small amounts of FPs, the concentration gradually increases.
Such simulation results can predict the hold-up concentration
according to the repeated batch operations and set up an opti-
mized operation procedure from the viewpoint of safety such as
the integrity of the reactor vessel relative to the heat and radiation
resulting from the FP concentration.
Fig. 12. Dynamic material balance for salts of LiCl and Li2O for every batch operation of process P2-1.
Fig. 13. Integral material balance for LiCl and Li2O salts for cumulative operation of process P2-1.
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Fig. 14. Dynamic material balance of alkali and alkali earth metals in P2-1.
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fresh salt, recovered salt, and regenerated salt exactly matches the
sum of the entrained salt carried with the cathode product, as well
as the hold-up increment for each batch operation. The addition of
fresh salt occurs only during the 2nd campaign, while the 1st batch
of the 2nd campaign needs more fresh salt than any other batch to
compensate for the 0.1% loss incurred during the 1st campaign,
given that cathode processing recovers only 99.9% of the salt. The
main compensations for the salt loss, equal to 20% of the weight
of the cathode product carried to the next process P2-2, are offered
by the recovered salt for the 1st campaign, the fresh salt for the
2nd campaign, and the regenerated salt for the 3rd campaign
onwards. The salt shortfall in the 1st campaign is not supple-
mented while that in the 3rd campaign is supplemented with fresh
salt.
Fig. 13 shows the integral mass balance for salts. The hold-up
shown in the bottom-left graph of Fig. 13 indicates the amount
of salt remaining in the bath immediately after the transfer of
the cathode product. The amount of salt entrained with the cath-
ode product is fixed to 20 wt% of the heavy metals in the default
operation scenario. The entrained salt also includes the pure salt
and the FPs in the chloride form. Therefore, the cathode product
carries more FPs but less salt as the concentration of the FPs in
the entrained salt increases. The bottom-right graph in Fig. 12
shows how the cathode product carries less salt. On the other
hand, the hold-up shown in the bottom graph of Fig. 11 shows
how the FP concentration increases. The shapes shown in these
two graphs are opposite to each other.
To check that the dynamic material balance satisfies Eq. (2), an
example of alkali and alkali earth metals consisting of four high-
heat elements such as Rb, Sr, Cs, and Br was considered. In
Fig. 14, the three inputs to P2-1 are fragments/pellets, recovered
salt, and regenerated salt. Among these, the recovered salt from
cathode processing P2-2 contains a higher concentration of alkali
and alkali earth metals as the batch number increases in the 1st
campaign. The recovered salt becomes the greatest contributor to
the increase in the alkali and alkali earth metals in the remaining
salt from the 27th batch operation of P2-1. Whereas, prior to the
27th batch operation, the main contributor to the increase in the
alkali and alkali earth metals in the remaining salt is the dissolu-
tion of the fragments/pellets.
Alkali (earth) metals addition to the remaining salt fluctuates
considerably but the amount remains positive during the 1st and
2nd campaigns. However, given the late batch operation of the
3rd campaign, the addition does not remain positive but rather
fluctuates between positive and negative because there is nofurther contribution of recovered salt but there is the new contri-
bution of regenerated salt. Alkali (earth) metals are very important
species from a safety point of view on process operation because
most alkali (earth) metals are high-heat elements. The accumu-
lated alkali (earth) metals adversely influence the reactor vessel
owing to the temperature increase in the reactor vessel. In the high
temperature atmosphere, oxygen generated from the electrolytic
reduction adversely influences the reactor integrity because it is
a highly corrosive substance. Process operation can change the
alkali (earth) metals addition to the remaining salt bath. In the late
1st campaign, the recovered salt is the main contributor to increase
the alkali (earth) metals in the salt bath. However, as the recovered
salt is not received from the 2nd campaign, in-flow of the high-
heating elements such as alkali (earth) metals in the salt bath is
prevented. Consequently, this operation does not increase temper-
ature of the reactor vessel containing the remaining salt. This sim-
ulation says that the receipt of recovered salt is not recommended
from the safety point of view.
Fig. 10 shows that the sum of the inputs (fragments/pellets,
recovered salt, and regenerated salt) equals the hold-up addition
(remaining salt) plus the output (entrained salt) for every batch
operation. Then, the integral material balance of the alkali and
alkali earth metals automatically satisfies Eq. (3) because the inte-
gral mass balance is a simple expression of the accumulated
dynamic mass balance up until a specific point in time.
Tables 3 and 4 can be broken down into the element level,
rather than the total of the SNF and salts, to comply with any
element-based mass balance. The validity of the dynamic material
balance has been proven at every level of detail to guarantee the
completeness of the model.5. Conclusions
The DES modeling method was used to create a pyroprocessing
operation model, specifically, an oxide reduction model. A dynamic
material flow, forming the basic framework for integrated pyropro-
cessing, was successfully implemented by building a DES model
using ExtendSim’s internal database and item blocks. The validity
of the model was verified by showing that the input is equal to
the sum of the output and hold-up addition. The dynamic material
flow for the default operation scenario was simulated for the oxide
reduction process so that repeated batch operations and their
influence on the hold-up could be analyzed.
A dynamic simulation was performed on the basis of the default
scenario for the 200 batch operations of an oxide reduction process
with three types of campaign operation scenarios: addition of
recovered salt, addition of fresh salt, and addition of regenerated
salt. The simulation experiments indicates that the salt recycling
by distillation, which means addition of recovered salt, increases
the amount of high-heat elements in the salt bath so it can deteri-
orate reactor vessel by providing a highly corrosive atmosphere
but it does not require fresh salt supply or any additional process.
The addition of fresh salt instead of recovered salt decreases the
high-heat elements in the salt bath but requires more fresh salt
than the others. On the other hand, the regenerated salt recycling
operation releases the increase of high-heat elements but requires
an additional process to purify the high-heat element concentrated
salt. The simulation experiment included all of these three types of
operations and gave us insights on how to perform the operation
from a safety point of view. These kinds of simulation results are
expected to contribute to the establishment of an optimized
batch-wise operational procedure in terms of equipment integrity
and operational efficiency. This study constitutes a meaningful
step towards confirming the role of an integrated pyroprocessing
simulator. The development of a multi-purpose integrated
H.J. Lee et al. / Annals of Nuclear Energy 88 (2016) 1–11 11pyroprocessing simulator is still in progress with mid- and long-
term goals of determining the technical feasibility, performing a
safeguard assessment, cost estimate, conceptual design, and the
support of licensing for future pyroprocessing facilities.
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